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A BSTRACT 
Low· spccd wind tunnel tests were conducted to determine the su bsonic 
aerodynamic ch aracteristics of an optimized supersonic (.\iach 6) conical· flow 
waverider designed for a deck· launched intercept mission. These tests are part of 
the continuing waverider research being conducted by the Naval Postgraduate 
School and the NASA Ames Research Center. The tests consisted of performing 
a and 8 sweeps, at different dynamic pressures, with a 15 inch aluminu m 
waverider mod el in the NPS low-speed wind tunnel. Force and momen t data 
were then collected using a six-degree-of· freedom sting balance. Coefficients of 
lift, drag and pitch were calculated from the data and compared to theory and 
existing w3verider subsonic aerodynamic performance data. Flow visuali zation 
using tu fts was also done. TIle results of the experiments show that waverider 
ex hi bits high lift characteristics at positive angles of attack. The design also 
compares favora bly with both subsonic thin airfoil tbeory and the results of the 
delta wing and subsonic waverider analysis done by Vanhoy. Howev er, flow 
vi sualization showed that vortex bursting and flow separation occurred a t a 
dynamic pressure of 12. 11br at ± 15 degrees angle of attack. Based upon the data 
collected in this analysis, the development of an actual waverider aircraft using 
the NPS/NASA Ames waverider design as a baseline is a plausible endeavour. 
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TABLE OF CONTENTS 
INTRODUCTION ............................................................................................ " .•.•. 1 
A. HlSTORICAL PERSPECTIVE .. . 
B. WHY LOW-SPEED TESllNG .. . 
C. PREVIOUS WORK AND TESTING Monv AnON .... 
lL EXPERIMENTAL APPARATUS ..................... . 
A. WIND ruNNEL ... 
B. STING BALANCE ... 
C. ACQUISITION SYSTEM .. 





. ............. .. .. 12 
. .......... 13 
1. Signal Conditioners/Ectron® Amplifiers. .. . .. ........ ... ........ 13 
2 . Data Sampling/Computer System.... . ............. 14 
D. WAVERIDERMODEL ............................. .................... ...................... .... 20 
nL EXPERIMENTAL PROCEDURES ................................................................ 22 
A. MODEL PREPARATION... .. ... 22 
B. DATA ACQUISITION SYSTEM PREPARA110N... .. .................... 24 
1. Sting Balance Local Calibration ... ................... 24 
2. Signal Conditioner/Amplifier Preparation ..... . . ................. 25 
C. STING BALANCE EXPERIMENTS .... . ................... 25 
I. Test Matrix ............................... ....................... ............ .................. ...... 25 
2. Balance Tares... . ... .. ............. 27 
3. Tunnel Operation ..... . .................. 28 
4. Row Visualization .................. .......... .... ... .. ................ ... ............. ........... 28 
D. DATA REDllO·10N ..... ....... 28 
iv 
DUDLEY KNOX LIBRARY' 
NAV/lJ. POSTGRADUATE SCHOO 
MONTERfY CA 93943-5101 
IV. RESULTS AND DISCUSSION... . .............. 31 
A. STING BALANCE DATA. .. . ........ ........................ ................. .... 31 
"a-sweep" Testing at G=Oc .. .. ...................................... 31 
a. Lift and Drag ... .. ......................... .. ......... ............... 31 
b. Pitch.... . ........................... 31 
2. "B· sweep" Testing at a =O° ...... ..... ........................................... ........ 49 
a. Lift and Drag ... . ........ ......................................... .49 
b. Pitch ..... ... 50 
B . COMPARlSON WITH TIlEORY AND VANHOY .................................. 54 
Theory... . ......................... 54 
2. Vanhoy .. .. ............ 56 
a. Lifl ... . . ................................... 56 
b. Drag ... . .... ............ ... ....... ........................................................... 57 
c. Pilch. ... .. .. ..... ........................................... 57 
C. fLOW VISUALIZATION.. . . ..... ................... 62 
V. CONCLUSIONS AND RECOMMENDATIONS.......... . ........ 63 
A. CONCLUSIONS . ........................ .. ............. ..... ....... .. .. ............... ................. 63 
B. RECOM:.MENDATIONS ... . ...... ........ .... 64 
REFE RENCES .................•.......•........ . .................................... 65 
APPEN DIX A · STING BALANCE CALIBRATION CONSTANTS ... ~~ ....... 67 
APPENDIX B - STING RALANCE PROGRAM ................................................ 70 
APPENDIX C - EXPERIMENTAL RA W DATA ............................................... 7 9 
INITIAL DISTRIBUTION LIST •..•.•.•.•.....................•...............................•.•.•••••.•.... 95 
LIST OF TABLES 
TABLE 2.1 MODEL PARAMETERS .. 
TABLE 2.2 7075 ALUMINUM PROPERTIES ... 
TABLE 3.1 RUl\'S AND TEST CONDITIONS ... 
TABLE 4.1 LIFf-CURVE SLOPES ...... 
. ........................... 20 
. ...................... 20 
. .................... 27 
........... 57 
LIST OF FIGURES 
Fig ure 1.1 Eggers and Syvt:rlson Hypersonic Model .............................................. 2 
Figure 1.2 NOllwt:ilcr's Carel-Shaped Waverider ..... . .............................. ....... 4 
Figure 1.3 Conical Flow Waveridcr ........................... ................................................. 5 
Fi gure 1.4 Bowcull and Anderson Optimized Mach 6 Waverider. .. .................... 6 
Figure 1.5 Price Optimum Mach 6 Waverider Configuration .................... ............. 7 
Figu re 1.6 Vanhoy's Mach 6 Waverider ... . .................... ...... 9 
Figure 2.1 NPS Horizontal Low Spt:ed Wind Tunnel ............................................. 11 
F igure 2.2 MK XX 3/4" Task®(Sting) Ralance... . .... ..................... .............. 13 
Figure 2.3 NPS Wind Tunnel Turntable Drive... . ....... .... .... ............................ 15 
Fig ure 2.4 S ting Balance Coordinate System .... .................. ................................... 16 
Figure 2.S Sting LcadlCannon Plug Connec tions ... . ...................... 16 
Figure 2.6 Sting Balance Signal Conditioners .. ....... ............................ ............. ...... 17 
Figure 2.7 Ectron 536H~ Signal Amplifiers ..... ..................... .. ....... .. ........................ 18 
Figure 2.8 MC- MI O-16L-9 1/0 Board... . .......... .............. .. .. ............ 19 
Figure 3.1 Finished Waverider Model. ............. .......................... ............................ 23 
Figure 3.2 Phase 1 Waverider Model Mounting ... 
Figurc4.1 Co, CL vs. AOA, Run No.1 ... 
. ............................ 26 
. ........... ........................... 33 
Figure 4.2 CD, CI. vs. AOA, Run No.2 ............................................................ 34 
Figure 4.3 Co, Cl. vs. AOA, Run No.3... . ................... 35 
Figure 4.4 Co, Ct. vs. AOA, Run No.4 .................................................................... 36 
Figure 4.5 Co, CL vs. AOA, Run No. 5 ..................................................................... 37 
Figure 4.6 Co, CL vs. AOA , Run No.6 .. . . ...................... 38 
Figure 4.7 CO, CL vs. AOA, Run No.7 .. . . .......... .... ............ 39 
Figu re 4.8 CL vs. Co. Run No. I.. . ............ ............. .............. ............................. 40 
Figure 4.9 CL vs. Co, Run No.2... .. ... ............. 41 
Figure 4.10 CL vs. AOA (Reynolds Number) .............................. .. ............ ............. .42 
Figure 4.11 Cm vs. Angle of Attack, Run No.'s 1&2 ...... ........ ......... ...................... 43 
Figure 4.12 c'n vs. Angle of Attack, Run No.'s 3&4 .......................... ..... ......... .... 44 
F igu re 4.13 Cm vs. Angle of Attack, Run No. 's 5&6 ... . .......... ...... . 45 
vii 
Figure 4.14 Cm vs. Angle of Attack, Run NO.7 ... 
Figure 4.15 Cm vs. CL ... 
. ....... 46 
. ................... 47 
Figure 4.16 Cm vs. C] .. .. ..... 48 
Figure 4.17 CL, Co vs. Angle of Sideslip, Run NO.8... .. ...... 51 
Figure 4.18 CL, CD vs. Angle of Sideslip, Run No.9 .............................................. 52 
Figure 4.19 Cm vs. Angle of Sideslip, Run No.'s 8&9 ... 
Figure 4.20 CL vs. a. ... 
Figure 4.21 CL VS. ex Comparison ... 
........... 53 
. ..................... 55 
. ..... 59 
Figure 4.22 CD vs. 0: Comparison ............................................................................. 60 
Figure 4.23 Cn, vs. a Comparison ........................................................................... 61 
viii 
ACKNOWLEDGMENTS 
My sinceres t appreciation goes to Prof. Conrad F. Newberry, Naval 
Postgraduate School. and Mr. Jeffrey Y. Bowles, NASA-AMES Research Center. 
for all of their unyielding support in what has been a mnst challenging research 
projecl. They were always there when direction was needed in bringing all of the 
pieces together to test the waverider. Thanks to all of the exceptionally 
professional people at the Model Shop and Calibration Lab at the NASA-AMES 
Research Center who provided the waveridcr model and sting balance. This 
project would not have been possible without their untiring efforts. Specifically, 
thanks to Prof. Richard M. Howard for providing wind lunncl equipment and 
guidance necessary to run the tests. Thanks to Mr. Jack King for his expertise in 
wind lunnel operation and his work in the data acquisition system electronic set-
up. I was constantly amazed by his technical prowess in making everything 
work. Also, thanks to Mr. Colin C. Cooper for helping me with getting the 
computer data acquisition software squared away. I watched in awe as he 
dem onstrated his alacrity on the computer keyboard. Finally, my greatest 
appreciation goes to my wonderful wife, Chey, and my children, Matthew and 
Aubrie. Their love, patience, understanding, and support kept me going 
throughout th is entire project. Without them and their help, this would have not 
been possible. Again, thanks to all. 




A. HISTORICAL PERSPECTiVE 
Since the latc \940's, the problem of designing aircraft configurations 
developing high lift-drag ratios al high supersonic (hypersonic) speeds has 
in trig ued aerodynamicists [Ref. I :p. IJ. The problem still persists today with many 
top designers and engineers working its solution. Doe concept which has 
evo lved from hypersonic flight research is the waveridcr design. Thou gh 
primari ly based on theory, the design shows high LID potential and is the focus of 
co nsiderahle aerodynamic research at both the NASA Ames Research Center and 
the Naval Postgraduate School. The following paragraphs give a brief historical 
syn opsis of the conception of the waveridcr configuration. 
It seems the that waverider's predeccssors first appeared in the mid-1950's. 
In 1956. Eggers and Syvertson designed and studied a flat -top wi ng-body 
combination in which the body is situated entirely below the wing [Ref. l:p. 1J. 
Their design was based on the elementary principle that the components of the 
aircraft should be individually and collectively arranged to impart the maximum 
downward and minimum forward momentum to the surrounding air. Th is. in 
conju nction wilh other practical considerations of hypersonic flight, resulted in 
the aircraft configuration shown in Figure 1.1 . 
The North American aircraft firm alone saw the potential for adapting the 
Eggers and Syvertson study to the advanced long-range bomber design 
competition in which it was engaged in the late 1950·s. The bomber which was 
eventually developed by North American was the B-70 Valkyrie intercontinental 





Figure 1.1 Eggers and Syvertson Hyper!>onic Model. 
was based upon what they called the "pressure field" concept. The concept was 
that th e shock wave created by the tapering underbody of the airplane sweeps 
back parallel to the leading edge of the wing, just behind it on the lower surface . 
A natural phenomenom of a shock wave is that it is a compression across which a 
large buildup of positive pressure occurs. This positive pressure field behi nd the 
shock wave is superimposed on the underside of the wing. It is augmented by 
the posi ti ve pressure on the tapered fuselage and tends to be contained by the 8 -
70's folding wingtips. The pressure field thus created and contained supports 
approxi mately 30% of the weight of the air vehicle at cruise conditions. This 
means the airplane can fly at lower angle of attack for a given weight. there by 
decreasing the drag due to altitude. [Ref. 2:pp. 21-221 
In 1959. Nonwei ler introduced what was probably the first true waverider 
design. The design was based on the idea of a three dimensional hody derived 
from the flowfield behind a planar shock [Ref. 3:pp. 521 ·528 1. The concept 
assumes that while flying at the design Mach number, the shock is attached to 
theleading edges preventing spanwise flow and spillage from the lower to upper 
surface. The resulting configuration was a delta planform (top view) with a caret 
shaped cross section. Figure 1.2 shows Nonweiler's configuration. 
From the 1960's to the 1980's, waverider designers e:\panded upon 
Non weilcr' s research by exploring known flowfields generated by right circular 
and elliptic cones. A conica l flow waverider is shown in Figure 1.3 [Ref. 4 \. In 
the la te 1980's, Bowcutt and Anderson developed it waverider design based 
upon viscous optimization to maximize LID. Their optimized Mach 6 waverider 
design is shown in Figure 1.4. [Ref. 5:pp. 15-19] 
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Figure 1.2 Nonwcilcr's Caret-Shaped Waverider. 
One of the next logical steps in waverider design was to develop a mission-
specific waverider configuration. ,In 1993. LT David R. Price, USN, with 
assistance from the NASA Ames Re5earch Center, completed the optimization and 
performance analysis of a supersonic (Mach 6) conical-now waverider for a deck-
launched intercept mission [Ref. 6]. Using the Waverider Code and Hypersonic 
Aircraft Vehicle Optimization Code (HAVOC), developed by the Systems Analysis 
Branch of NASA Ames. and taking into account the practical considerations of 
t"Arfi,,~ ~d~B 
d"r,.,,,tI ft.bit ... ily 
on !hock 
~1rl'lIm ,m(;u:e 
tdl~"l' ,,!~rf II~ winc 
10 ...... . ,urr..c~1 ,hock 
CUNSTIIUCTIQN mUM KNOWN FLOW rtELO 
RESULTING WING ANI) SIIUCI{ 
Figure 1.3 Conical Flow Waverid£' r. 
optimum wavcriders discllssed by Schindel [Ref. 71. a hydrucarbun-scramjet 
powered waverider optimized fur missiun performance was designed by Pricc . 
The design is unique in that it is optimized to maximize the product of LID and I •• 
[Ref. 6:p. 131. Figure 1.5 shows Price 's optimum configuration . 
Based upon the theoretical pOlential of the design. NASA Ames constructed 
two aluminum model s for testing at the Naval Postgraduate School. A 15 inch 
long al uminum model for wind tunnel testing and an 8 inch long model for w:Jler 
}'igure 1.4 Bowcutt and Anderson Optimized Mach 6 Waverider. 
tunnel testing by LT L. Johnson. USN. The focus of this project is to observe and 
collect data on the night qualities of Price's waverider in the low-speed flight 
regime. 
Figure 1.5 I'ricc Optimum Mach 6 Waverider Configuration. 
B. WHY LOW -SPEED TESTING 
The Price waverider configuration is the result of 'on-design" optimization. 
Its theoretical flight performance resu lts are based upon a specified set of 
operational conditions. In this particular case, a cruise altitude of 85,226 feet, 
specd of Mach 6 and zero degrees angle of attack [Ref. 6:pp. 32-42]. 
Unfortunately, reality requires that aircraft flight be a dynamic process. Included 
in this process are manuevers or flight conditions which require low flight speed, 
specifically takeoffs and landings. In general, it is not well known whether or 
not the hypersonic geometrical characteristics of the waverider arc well suited for 
good subsonic performance; little theoretical or experimental work has been done 
at low speeds. Therefore, "off-design" low-speed testing is warranted. The 
requirement for testing is also supported by the need to know whether or not the 
configuration is suitable for its intended deck-launched intercept mission. 
C. PREVIOUS WORK AND TESTING MOTIVATION 
The database for subsonic waverider performance is small since, as mentioned 
above, little experimental wind tunnel work has actually been done. Vanhoy did 
co nduct low-speed wind tunnel tests in 1988 [Ref. 8J. These tests were 
conducted using a model optimized for (LfD)mu al Mach () and based on a 
waverider code employing viscous effects, The Vanhoy configuration is shown 
in Figure 1.6. Two major differences between the Vanhoy and Price 
configurations is that the latter incl udes an integrated propulsion system and is 
mission specific. Vanhoy concluded that the wavcrider characteristics were 
similar to those of a sharp-edged delta wing of comparable size. However, the 
Figure 1.6 Vanhoy's Mach 6 Waver ider. 
waverider possessed a slightly higher eL",,, and a more abrupt stall at higher 
angles of attack. The purpose of the present research is to continue the study of 
the via bility of waveriders in general and the Price waverider in particula r; 
specifically the performance of the Price design in the low-speed flight regime. 
rhis segment of research will be devoted to collecting force. moment and 
flow visualization data from subsonIc testing of the 15 inch root chord (lIose·lo-
tail) aluminum (M=6) waverider 1I1txle1. Fro!ll the data. comparisons will be made, 
as applicable. with similar delta wing and waverider test data. 
II. EXPERIMENTAL APPARATUS 
A. WIND TUNNEL 
The Naval Postgraduate School (NPS) horizonla] low-speed wind tunnel was 
used for conducting the experiments. Manufactured by Aerolab®, it is a single-
return, closed-circuit tunnel. Air 110w through the tunnel is provided by a 100 hp 
electric mOlor which drives a three-blade, variable pitch fan. A four-gear 
transmission and a 10:1 contraction ratio provide for test section speeds of up 10 
200 miles per hour. The tunnel test section has an area of 8.75ftl (45 inches wide 
by 25 inches in height) and is slightly convergent to compensate for the effective 
contraction caused hy longitudinal boundary layer growth. Low test section 
amhient turbulence intensity of 0.2%, as calculated by Yuan [Ref. 9:p. 38], was 
attributed to the stator blades located directly behind the fan, two fine wire mesh 
screens six inches apart in the settling cham her and turning vanes located at each 
corner of the tunnel. A 5/1 00 diameter breather slot, located immediately 
downstream of the tunnel test section, helps maintain approximate atmospheric 
static pressure conditions in the test section. Adequate illumination, visualization 
and access to the test model are provided by frosted glass comer fillet floureseent 
lights and movahle window tunnel sidewalls located on either side of the test 
section. A schematic of the tunnel is presented in Figure 2.1. [Ref. lO:pp. II-I3J 
The test section dynamic pressure, q=I/2pV2, was determined from the static 
pressure difference, 6p, between four manifold-flush taps in the test section and a 
similar set of four taps in the settling chamber. Both sets of taps arc connected to 
a common manifold and the value for 6p was presented on a micromanometer and 
10 
Figure 2.1 Ni'S Hor iwn tal Low Sp('('d Wind Tunnel. 
di gital display. The t.p was converted into dynamic pressure IIsing equation (2. 1) 
ca lc ulated from a previous tunnel calibration. 
Where: q :::: dynamic pressure (lbrlfI2) 
p_ ::= frccstream dcosity (slugs/ftJ) 
V _ = freestrenm velocity (ft/s) 
t.p ::= ,~talic pressure difference (em of 1-1 20) 
K '" NPS wind tunnel calibration constant 
= I/ll · (contraction ratio)21 = 1,1).93 
2.046 :::: conversion factor 
" 
(2.1) 
The tunnel air temperature was measured us ing a dial thermometer. with 2° 
increments, extending into the seuling chamber. Further detailed information 
concerning the wind tunnel is presellted in Reference 10. 
n. STING BALANCE 
A six -degree-of-frecdom, 3/4 inch diameter. Mark XX, internal Task® balance 
was used to measure the forces and moments. Maximum balance loads were 25 
lbr in the nomlal channels (Nt, N2), 12lbf in the side channels (SI, S2), 50 lbf in 
the axial channel(A). and 50 in-1br of rolling moment in the moment channel 
(RM). The balance was provided (on loan) by the NASA-Ames Research Center 
and was calibrated 10 a 5 Vocexcitation bridge by the NASA·Ames Calibration 
Lab personnel prior to its delivery to the Naval Postgraduate School. In addition, 
NASA-Ames provided the associated balance calibration constants and their 
accuracies which arc presented in Appendix A. 
The balance was attached to a 6.875 inch extender sleeve which was 
mounted onto a "U" frame assembly. The assembly was then mounted in the 
wind tunnel test section as shown in Figure 2.2. The base of the assembly was 
secured to the turntable portion of the test section floor with four machine 
screws. Figure 2.3 shows the turntable drive mechanism. The twenty-four 36-
gauge wires (four per balance channel) from the balance were fed through the 
sleeve. frame and out of the tunnel. The wire was slacked 10 allow ±90Q angle of 
attack (ADA). The sting balance coordinate system is presented in Figure 2.4. 
12 
Figl1re 2.2 MK XX 3/4" Task ® (Sling) lIalnncc. 
c. nATA ACQ UISITION SYSTEM 
I. Sign al Co nditioners I Ectron,lj) Amplillers 
The electric:!1 bridge le<l ds from tIl e Slillg b"lal1cc were connec ted to 
ind ividu al signfll conditioners that con troll ed bridge excitation. The excil<l ti on 
voltl1ge was a precrtl i hr<ll ed voi1:lgc of 5 VDe for the six sling balance channels 
The ~ ti ng balance c h:Hlllels were connected to the sign<l! conditio ners IJsing 
modified «Innon plugs. Th e cOllllection scheme is shown in Figme 2.5. The 
condi ti oned sign:lls were <Implified will1 a g:1in of 1000 by individual [etfOn 
13 
563H® amplifiers and sent to a National Instrument MC-MIO-16L-9, 50 pin 
input/output (l/O) connector. The sting balance channels Nl, N2, A, SI, S2, and 
RM were connected to pins 4/3, 615, 8/7, 10/9, 12/11. and 14/13 of the I/O 
connector respectively. Figures 2.6 through 2.8 show each of the 
aforementioned components. 
2. Data sampling I Computer System 
Data acquisition was accomplished through the use of programs written 
and compiled in QuickBasic using Microsoft QuickBasic 4.500 software and fl_.' 
on an IBM PS/2®microcomputer. The programs used to command data sampling 
and averagi ng were written by Stuart [Ref. II I utilizing National Instruments 
LabWindows''', version 1.1, interactive software. One thousand samples per 
channel were taken for each data point at a frequency of 1770 Hz with an 
average sampling time of 3.34 seconds. 
The QuickBasic programs converted the averaged voltage samples to 
force and moment outputs for analysis. The sting balance program used nonlinear 
equations derived by Yuan, which multiplies the calibration constants listed in 
Appendix A, by the voltage readings from each of the six sting balance channels 
[Ref. 9] . In addition, the program iterates the nonlinear interaction equations to 
simultaneously solve cross channel dependence of the balance. The primary 
output displayed the normal, side and axial forces, and pitching, yawing, and 
rolling moments. The Sling balance acquisition program is presented in Appendix 
B. 
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Figure 2.S Sting Lead I Cannon Plug Connections. 
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Figu re 2.6 Sling nnlnnce Signa l Cond ition ers. 
17 
Figure 2.7 Ectron 56311 ~ Signal Amplifiers. 
18 
AI GND - I ~ - AI GNU 
ACIIO 3 ~ - ACIIB 
ACII! - ~ ~ - ACI19 
ACII2 - 1!.- AClll0 
ACII:) ! _  ~~ ACII!1 
ACllof - !J. ~ - ACII12 
ACII5 -1314- Ac1I1:) 
AC1I6 - 1516 ACtl14 
ACID -1118 - AcII15 
AI SEUSE - I B 2 - OACO OUT 
OACI OUT - 212 
- DIG min 
'--' 
ADlOI -- 2 2 
AOI02 - 2 ] - BOI02 
ADIO:) --! 1 J - BOIOJ 
OIG G,m 1 3 ·- .5 V 
.5 V -J ] - SC AN CLK 
EJl TSTnOBE ' - 3 3 - START TRIG' 
STOP TRIG 3 4 - EJITCONV' 
SOURCE! 414 GATE! 
OUTI-4 ~ - SOURCE2 
4" OUT2 
SOURCE5 .. 8 GATE5 
OUH - 9 0 FOUT 
Figure 2.8 ~'IC-MIO-J6L-9 TlO Board. 
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D. WA VERIDER MODEL 
The wind tunnel model was manufactured by the ?\ASA Ames Research 
Center Machine Shop for specific use in the NPS tunnel. The model parameters 
are given in Table 2.1. 
TAHLE2.1 
MODEL PARAMETERS 
Len th 15 in 
Span 13.9375 in 
Wei ht 7.65445 ib 
Planfoml Area 0,991623 ft2 
AR 1.41 
Material 7075 Al 
Aluminum was chosen for the model duc to its relativcly low cost, ability to 
maintain an edge and rigidity. Based on the recommendation of the NASA Ames 
machine shop personnel, 7075 aluminum alloy was chosen. The properties of 
7075 aluminum are given in Table 2.2, 
TABLE 2.2 
7075 ALUMINUM PROPERTIES 
Property Density Utimate Tensile Youog', I Shea>" 
Tensile Yield Modulus Modulus 
StrenJ!.th Stren th 
Units kglm3xI03 N/m2xl06 ?\/m1xlQ6 N/m"x109 I ?\/m2xl()9 
Value 2.RO 523 448 7[ I 26.9 
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A 3/4 inch diameter hole was drilled in the base of the model for mounting on the 
Task Mk XX sting balance. A 1/8 inch diameter hole was drilled 10.25 inches aft 
of the nose, on the centerli ne. at the bottom of Ihc motor casing for Ihe mode l set 
screw. The location of the set sc rew hole corresponded 10 the location of the 
sting balance focal point when the model was mounted. 
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III. EXPERIMENTAL PROCEDURES 
A. MODEL PREPARATION 
The wind tunnel model required two weeks preparation before testing. The 
major portion of that time was spent in the surface preparation. painting and 
gridding of the model by NPS Mechanical Engineering Department Machine 
Shop personnel. The model surface had already hcen smoothed by NASA Ames 
before delivery to NPS. Cleaning of the surface using ethanol was required to 
remove fingerprims left from model handling. The model surface was then 
painted with three coats (one primer, two finish) of RU$TOLEUM"" metal paint. 
Wet sanding with fine grit finishing paper was done after each coat application to 
smooth out the surface as much as possible. A 3/4 inch grid was then applied to 
the upper and lower surfaces of the model using a black fine tip permanent 
marker. The finished model is shown in Figure 3.1. The model was then mounted 
on the sting balance for testing. 
For conducting flow visualization, 2 inch cotton tufts were applied to the 
upper and lower model surfaces in a manner which was felt would give maximum 
surface area coverage. The centerline tufts were mounted parallel to the 
centerline with 3 inch spacing between each tuft. The (lifts outboard of the 
centerline were mounted in columns parallel to the centerline. The spacing was 
1.5 inches between eac h column and 1.5 inches between each individual tuft in 
the column. However, each tuft was mounted perpendicular to the centerline. 
Professor Richard Howard, NPS Department of Aeronautical and Astronautical 
Enginccring, indicated thal the perpendicular mounting would serve as a visual 
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Fig1lre 3.t Finished WaH'rider fltl od el. 
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aid to confirm proper flow direction during tunnel start-up. Scotch'" clear 
cellophane tape was used in applying the tufts to the model surface. 
B. DATA ACQUISITION SYSTEM PREPARATION 
1. Sting Balance Local Calibration 
The local (NPS) calibration of the sting balance consisted of setting the 
six bridge excitations to voltages of 5 Voc (the standard calibration voltage used 
by the NASA Ames Calibration Lab), applying a known external weight and 
evaluating resulting loads and moments from each of the sting balance channels. 
The two normal force bridges were evaluated first. The bridges are located ±1.0 
inches from the balance focal point. Evaluation of NI, N2 and total normal force 
signals was done with a 5.2 Ibrweight loaded first on the Nl bridge (+ 1.0 inch), 
then the focal poim, and finally at the N2 bridge (-1.0 inches). Through this 
procedure, an accurate calibration would show that when Nl bridge was loaded. 
the Nl channel would read 5.2 lbr. 0 lbr from the N2 channel and 5.2 Ibr total 
normal force. Similarly, with the load at the focal point. Nl and N2 channels 
would each indicate 2.6 Ibr with the total normal force indicating 5.2 lbr. A high 
or low reading would indicate the direction of change required for the channel's 
excitation. Several loadings were performed at all thrce positions which 
determined that the NI and N2 bridge excitation voltages were both 5.05 VDC. 
The two side force bridges. SI and S2 (±O.875 inches from foca l poim). were 
evaluated in the same way using a 5.01 lbrweighl. The excitation voltages for 
both channels were determined to be 5.075 Voc. 
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2. Signal Conditioner I Amplifier Preparation 
The sting halance normal channels. KJ and N2, were eac h set to an 
excitat ion voltage of 5.05 Voc using the single signal-conditioner span rheostat 
dedicated to thai channel. Similarly, the side force channels, SI and S2. were each 
set to an excitation voltage of 5.075 Voc. These settings resulted from the local 
calibrati on prev iously discu ssed. The remaining channels were set to an 
excitation voltage of 5 Voc. 
The six newly installed Ectron® amplifiers had never been used fo r 
experimentation . Installation and initial testing of the amplifiers was done by Mr. 
Jack King, Electronics Technician, NP$ Department of Aeron autical and 
Astronautical Engineering. The input and output of each amplifier required 
zeroing prior to testing. This was done by shorting the amplifier input , setting the 
gain to I, and then adjustin g the output set screw to zero. The gain was then 
increased to 1000 and the procedure was repeated. Once the amplifiers were 
zeroed , the shorting plugs were removed and the incoming signals were set to 
zero with the signal control on the signal-conditioner panel. 
C. STING BALANCE EXPERIJ\.'1ENTS 
1. Test Matrix 
The testing plan for the model was divided into three phases. In the first 
phase, the model was mounted vertically on the sting balance as shown in Figure 
3.2. The angle of attack (a) was varied at zero degrees yaw angle (il) at a pre·set 
dyn amic pressure . For the second phase, the model was rotated 90 degrees 
counterclockwise to the horizontal position and [) was varied at zero degrees u, 
again at a pre-set dynamic pressure. The construction of the model mounting 
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Figure 3.2 "hase 1 Wavcrider 1\1odcl Mounting. 
apparatus did not <llIow for the varying of both angles at the same time . roor buth 
of these pha .~es. the 1l1odel was mounted in a "clean" configuration [nothing 
(e.g .. no tufts) applied to the surfacer. The final phase for flow visualization. 
A tOlal of 10 datil runs were performed with the model. Time constrninlS 
prohibited further testing. RullS 1 through 7 comprised the first phase of testing . 
Runs R through 10 comprised the ,second testing phase . Run 10 had to he 
discontinued when the model shifted position on the balance. The set screw 
could not hold the model securely to the balance at the Run 10 tunllel speed (100 
mph). Efforts to ensure that the 1I10del would remain in place were unsuccessful. 
No further B- .~ weep runs were conducted . 
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The limits of the angle sweeps were dictated by the rated loads of the 
sting balance and the 3.34 second data acquisition lime delay. To prevent any 
damage 10 the balance, the applied loads were nol to exceed 80% of the rated 
ba lance loads. Furthermore, it was decided 10 slarl the test runs at the lowest 
wind tunne l dynamic pressure possible. Then gradually increase the dynamic 
pressure for each successive test run. For each test run, a constant vigil was 
maintained at the computer console to ensure that the sting balance was not 
overloaded. A breakdown of the runs and (cst conditions is given in Table 3.1. 
TABLE 3.1 
RUNS AND TEST CONDITIONS , , 
RUN (Type q lAS SWEEP 
Sweep) (lb/ft2) (mph) (de) 
In U 42 -90 - 90 
2a 12.1 72 ·20 - 20 
3a 24.2 100 · 15 - 10 
4n 33.0 115 -10 - 5 
Sa 44.0 132 -9 -3 
6a 55.0 148 -9- 1 
7a 59.95 156 -8 - 0 
86 2.2 40 -90 - 90 
96 12.1 72 -90 - 90 
2. Balance Tares 
The sting balance acquisition program recorded the "Illlll\el-off' force 
and moment tare values. These tare values represent the forces and moments 
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resulting from the weight of the model alone acting on the sting balance. To 
ensure that each run started with force and moment values of zero, a subroutine 
within the balance acquisition program subtracted the tare values from the 
"tunnel-on" data points. The sting balance exhibited no drift. 
3. Tunnel Operation 
The procedures for wind tunncl operation for the experiments are as 
follows: 
a. Set desired velocity (cm H20) on the tunnel micromanometer. 
b. Start tunnel, bring up to speed and stabilize. 
c. Take data points whcn tunnel is stable. 
d. Advance model angle of attack to next position. 
4. Flow Visualization 
Upon completion of the data collection runs. the model was removed 
from the tunnel. The 2 inch cotton tufts were then applied to the model as 
discussed previously. The model was again mounted vertically in the tunnel as it 
had been for the a -sweep data collection. A Hitachi'" video camcra was used to 
record the tuft behavior as the model was subjected to the same tunnel conditions 
as for the data collection runs. However, at tunnel speeds over 100 mph the 
model was kept at 0 degrees AOA to ensure that the rated balance loads were not 
exceeded. In addition, the model was not mounted horizontally due to the 
problems encountered in securing the model to the balance. 
D. DATA REDUCTION 
The output files for each of the data runs consisted of 6 columns (3 forces, 3 
moments). TIle raw data output is presented in Appendix C. For the waverider 
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model, Ihe nonn al , side and ax ial force coefficients (Cr-; , Cy.CA) were calculated 
using Ihe appropriate foml of equatio n (3. 1) . 
Cr=F/q S 
Where: CF = force coefficient 
F = force (lbr) 
q;:; dynamic pressure (lbrlft1) 
S ;:; plan form area (fI2) 
(3.1) 
Once the fo rce coefficients were calcu lated, Ine coe ffi cients for lift and drag 
(e L, Co) were calculated using equations (3.2) and (3.3) respectively. 
Where: eN = normal force coefficient 
CA = axial force coeffi cient 
a = angle of attack (degrees) 
(3.2) 
(3.3) 
The pitching moment coeffic ient (em) coeffic ient was calcu lated using equation 
(3.4). 
Cm=M/(q S d (3.4) 
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Where: em = moment coefficient 
:\1 = moment (ft-lbr) 
q ::: dynamic pressure (lbr/ft2) 
S = planform area (ft2) 
c = aerodynamic chord (ft) 
The model length (1.25 ft) was used as the root chord value. Graphs of the lift, 
drag and pitching moment coefficients versus angle of attack were plotted and 
are shown in the following chapter. 
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I V. R ESULTS AND DISCUSSION 
A. STING BALANCE DATA 
1. "a-sweep" Testing at n = 0° 
a. Lift and Drag 
The graphs of CL and CD versus angle of attack for all seven test 
run .~ are shown in Figures 4.1 through 4.7. The graphs show no appreciable 
variation in CL and Co with changing dynamic pressure. The graph for Cl in 
Figure 1 is of particular interest. It shows that the waverider stalls at +30 degrees 
angle of attack (CL=L291) but continues 10 generate lift at higher angles of 
attack afEer stall . Whether the wavcrider is still under control or not in this 
condition is unknown and requires further study. The graphs also indicate that 
the magnitude of lift generated at positive angles of attack is greater then the 
magnitude generated at the corresponding negative angles. 
The graphs for Co show that minimum drag (Co=O.022) occurs at 0 
degrees angle of attack which is to be expected. This waverider exhibits higher 
drag charac ter istics al positive angles of attack then at negative angles . This 
coinc ides with the higher lift at the larger lift coefficients. Two representative CL 
versus Co plots are shown in Figures 4.8 and 4.9 . 
A graph of CL versus angle of allack wi th regard to Reynolds 
number is provided in Figure 4.10. The graph clearly shows that lift is virtually 
unaffec ted by a change in the Reynolds number. 
b. Pitch 
The graphs of em versus angle of attack for all seven test runs are 
shown in Figures 4.11 through 4. 14. The point at which the moments were taken 
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is located ID.25 inches aft of the nose of the model Oil the centerline. There was 
no variation in Cm with changing dynamic pressure. Similarly to the behavior 
seen in lift, the waverider continues to exhibit a positve pitching behavior after 
stall. Also, the positive slope of each of the curves indicate that the waverider is 
unstable at the angle of attack ranges tested. Again the control question remains 
to be answered . Two representative plots comparing Cm and CL are shown in 
Figures 4.15 and 4.16. 
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Figure 4.1 C L , e[J vs. Angle of Att~ck, Run No.1. 
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Figure 4.2 Cr., Cn vs. Angle or Attack. Run No.2. 
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FIgure 4.:\ C", Cu \s. Angle of AUack, Run No.3. 
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Fi~\lre 4.6 C 1., CD vs. Angle of AI1:u:k, Rlln No. 6. 
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FiguH' 4.8 CI. \'s. CI), Rlln No. I. 
4() 
Figure 4.9 Cl. vs. CI), Run No.2. 
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FiJ.:lIre 4.10 CL "s. Angle or Attack (ReJnolds Number). 
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Fi~ure 4.1 t em l 'S . Angle or Aflack, Run No.'s 1&2. 
43 
! " 
,,,"- ~- ~--,---;- ------;;-




. ~1. . --,-. --, - -, -.-.--- i -, - .--
Figure 4. 1.1 em vs. AI1~le of Allack. Run No.'s 5& 6. 
4' 
-- -~ 
----=I - ) 
M;nIr."r AITI\C"(I JI-l ;~I1'.'J 
Figure 4.14 em ni. Angle or Altack, Run No.7. 
46 
n ~, ;: _ _ _ _ ii, 
Figure 4.15 em "~So C". 
, ' 
00 ___ _ _ _ _ _ _____ _ __ _ 
\ 5 I 0.5 0 ".5 I 
Fignre 4.16 en, \'s. C1 •• 
2. "B.sweep" Testi ng at 0-=0 0 
n. Lift and Drag 
The graphs of CL and Co for the two sideslip runs are shown in 
Figures 4.17 and 4.18. The most noticeable feature in both runs is the negat ive 
li ft generated between ±40 degrees angle of sideslip. This was expected due to 
the waverider model's negative camber. Again, the coefficient values remained 
virtually constant with changes in dynamic pressure. 
The Cil plots did not come (Jut as expected. Since the model is 
symmetric about the centerline, the drag coefficients wou ld be expected to be 
Ihe same for equal magnitudes of positive and negative sideslip angle. The ideal 
plot shou ld be in the form of a V-shaped curve with minimum drag occuning at 0 
degrees of sideslip. The drag would then increase to some maximum value as the 
sideslip angles are increased . However, the plots show higher drag a t the 
negati ve sideslip angles. The drag steadily decreases through 0 degrees of 
sideslip until reaching a minimum at +90 degrees. Th is may be the result of the 
problem of the model not being rigidly mounted to the sting balance as 
previously mentioned. The data seems to indicate that the model rolled slightly to 
the right on the balance at high values of negative 13 due to the force of the wind 
and remained in that position. (The exact value of l\ at which thc model rolled is 
unknown since monitoring of the sting balance prevented visual observation of 
the model.) This would expose more of the model's lower surface to the 
freestTeam at negative sideslip angles. Since the lower surface contains sharp-
edged protuberances. namely the inlet ramps and engine cowling. increased drag 
would be expected. Conversely , more of the upper surface would be exposed to 
the freestream at positive sideslip angles. The clean upper surface is designed to 
maintain parallel flow over it which would account for the lower dr<lg values al 
positive sideslip. 
b. Pitch 
em versus angle of sideslip for the two runs is shown in Figure 4.19. 
These plots show the waverider to be marginally unstable at negative sideslip 
<Ingles and marginally stable at positive slides lip angles. These resu lts do not 
coincide wilh those obtained from the a -sweep runs. A reasonable ex.planation 
for the differences in the data would be difficult since the actual position of the 
model during the tests is unknown. This will require further investigation after 
the model/balance mounting problem is resolved. 
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H. COMPARISON WITH THEORY AND VANHOY 
1. Theory 
The waverider lift coefficients were compared to those predicted by low 
aspect ratio wing theory, the Pope approximation of CL for aspect ratios below 
three and the NASA Ames VORLAX code. The low aspect ratio wing theory 
predicts CL in accordance with equation (4.1). 
Cw = (rti2)AR (4.1) 
Mu ltiplying the resulting value by a (in radians) will result in values for CL versus 
u. 
The Pope approximation of CL [Ref. l2:p. 2R7] uses equation (4.2). 
dCdda = I).OOS + O.OIS AN (per degree) (4.2) 
Finally, the Systems Analysis Branch of the NASA Ames Research 
Center performed a vortex lattice analysis using the VORLAX code. The code 
predicts C\. at different Mach numbers and angles of attack. In preparation for 
the low speed wind tunnel tests, CL values were calculated for Mach numbers of 
0.2 and 0.235 with a varying angle of attack ranging from 0 to 20 degrees. 
The resulting C[. versus a values for both theories. the VORLAX code 
and the waverider data are shown in Figure 4.20. The graphs clearly show that 
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2. Vanhoy 
The coefficients of lift. drag and pitching moment from the waverider 
tests were compared to those of the delta wing and waverider tested by Vanhoy. 
a. Lift 
In addition to Vanhoy's data, the lift comparison includes the 
theoretical values from Polhamus' Theory. This theory calculates the total lift by 
dividing it into two components: potential lift and vortex lift. The expression 
formulated by Polhamus for lift is shown as equation (4.3). IRef. 13:p. 209] 
CL ;:; Kp sinu cos2u + K~ sin2u cosu 
(potential lift) (vortex lift) 
Where: KI' = normal-force slope calculated using the 
potential-flow lift·curve slope 
K. = estimated from the potential flow leading 
edge suction calculations 
(4.3) 
The CL versus u plot for all three vehicles and Polhamus' Theory is 
shown in Figurc 4.21. The li ft-curve slopes are presented in Table 4. 1. The 
theoretical lift-curve slope value for incompressible flow past a thin airfoil was 
taken from Bertin and Smith [Ref. 13:p. 314). Overall, the waveridcr shows better 
lift characteristics at hi gher angles of attack than the delta wing and waverider 
configurations tested by Vanhoy. 
S6 
TABLE 4.1 
LIFT CURVE SLOPES 
VEHICLE I Theoretical I Polhamus I ?~~h\~~)g I ~:~::) ~~:~~er 
I(!~~~~~CC) 0.1 I 0.044 I 0.040 I 0.038 I 0.053 
b. Drag 
The graph of the drag comparisons is shown in figure 4.22. The 
waveridcr shows slightly higher values of drag at higher angles of attack then 
Vanhoy's delta wing and waveridcr models. This is believed to be primarily due 
to the ramps aod engine cowling on the lower surface of the w3vcrider model. 
Vanhoy's models were aerodynamic planforms with clean lower sUifaces which 
would be expected to have lower drag. 
c. Pitch 
Vanhoy had taken the pitching moments about the midpoint of the 
centerline chord on both of his test models. In this analysis, the pitching moment 
was taken on the centerline. 10.25 inches afl of the nose (approximately two" 
thirds of the centerline chord length). It was therefore necessary to ensure that 
the pitching moment was referenced about the same point before a comparison 
could be made. An arbitrary decision was made to use the midpoint of the 
centerline chord as the reference point. The Price waverider pitching moment 
coefficients from Run No.2 were transferred from two· thirds of the centerline 
chord to the midpoint of the centerline chord using equation 4.4. 
(4.4) 
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The variable Lix is the distance between the original location of the pitching 
moment and the new location to which it is moved. In this case, Lix=2.75 inches. 
The graph comparing the pitching moment coefficients is presented 
in Figure 4.23. There is a considerahle difference between the pitching moments 
at positive angles of attack. Vanhoy's waverider shows neutral stability while 
the Price design tends to go unstable. The significant differences in pitch may be 
related to the observed higher lift characteristics of the Price waverider and the 
unique contour of its lower surface. 
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Fi~UH' 4.21 Ct vs. 0. Compr.r;son. 
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Figurr 4.22 C n vs. a: COlllpari.~oll. 
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Figure 4.23 em vs. u Comparison. 
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C. FLOW VISUALIZATION 
The flow visualization runs were conducted al the same dynamic pressures as 
the force and moment data collection runs. However, the angle of attack of the 
model was not changed for the runs with dynamic pressures above 24.2 lbr/ft2 , 
The reason for not varying the angle of attack at higher q's was that the balance 
outputs were not closely monitored while filming was in progress. This was 
especially critical at the higher dynamic pressures since the outputs approached 
the established safety limits sooner at [ower angles of attack. Preventing 
overloading of the balance was the primary concern during this phase of testing. 
The flow visualization video tape shows laminar flow over both the upper 
and lower surfaces at 0 degrees angle of attack, irregard less of the dynamic 
pressure. During the second fUll (q ::: 12.1 Ibr/ft2) at 15 degrees angle of attack, 
hursting occurred on the upper surface beginning at the nose and ending at 
approximately one third of the model length. Outboard spanwise flow was 
evident over half of the surface of the port and starhoard wings. Laminar flow 
was visible on the centerline, aft of the hurst area, until flow separation at the 
trailing edge. The same flow pattern was seen on the lower surface at -15 degrees 
angle of attack. This flow field is possibly the result of the inability of waverider's 
rounded apex planfonn to prevent flow separation at the tip at increasing angles 
of attack. 
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V. CONCLUSIONS AND RECOMMEJ'(DATIONS 
A. CONCLUSIONS 
The low speed characteristics of the Price waverider design agreed closely 
wilh theory and to those of the delta wing and wavcrider tested by Vanhoy. The 
design generates more lift and pitch at lower dynamic pressures des pile the 
pressure of the integral scramjet engine. However, higher drag values are evident 
at higher angles of attack which may be partly attributed to the integrated 
engine. Still, the issue is whether or not the Price wavcridcr design is suitable for 
a deck launch intercept mission. Although the performance numbers look 
promising, the flow visualization shows that the waverider encounters flow 
separation (i.e., vortex hursling) at ±15 degrees angle of anaek. This may pose a 
problem for carrier operations. in conversation with pilots stationed here at the 
Naval Postgraduate School, the standard landing angles of attack for landing 
approach for the F-14 Tomcat, F-18 Hornet and A-6 Intrudcr are 11 .4. 8.1, and 22 
degrees respectively. There is no standard angle of climb after launch for these 
aircraft due to the fact that the angle of climb is dependent upon the aircraft 
weight at launch. Therefore, based solely upon the general angle of attack 
characteristics of the aforementioned carrier aircraft currently ill service, the 
desi gn ing of a carrier-launched interceptor using the Priee wave rider 
configuration as a baseline is feasible. However, a multitude of research remains 




This study is the initial step in analyzing the subsonic performance of the 
Price waverider. Continued investigation into the subsonic aerodynamic 
characteristics of the design is highly recommended. Some suggestions for future 
research. although not all inclusive, are provided as follows: 
1. The use of a sting balance with higher force and moment ratings per 
channel so that the model can be swept through higher angles of 
attack. 
2. Low -speed testing and flow visualization of the model with 
modifications such as vertical stabilizers, ailerons and nose 
attachments with varying degrees of sharpness. 
3. The location of pressure ports in the model for conducting pressure 
distribution analysis. 
4. The effect of round leading edges on the model. 
5. Further effect of Reynold's Number on the aerodynamic 
characteristics of the modeL 
6. Flow visualization using smoke or oil and comparison of the observed 
flowfields to those of the water tunnel tests done on the 8 inch 
waverider model by LT L. Johnson, USN. 
Additionally, testing would be greatly simplified with the development and/or use 
of a data acquisiton software program in which all parameters can be altered and 
monitored in real time from the computer console. 
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APPENDIX A: STING BALANCE CALIBRATION 
CONSTANTS 
BA LANCF CAlIBRATION 
NASA AMES CALIBRATION LABORATORY 
CAL DATE: 8283 
COMP DATE: 8313 
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GA KPOS( I) K P05(2) KNEG(I ) KNEG(2) MAX % ACC 
DEY 
NI 3.6584E-03 -1.8579E-09 3.674SE-03 -1.8922E-09 -0.054 0.217 
N2 3.3823E-03 -2 .6264E-09 3.3785E-03 -5.5067E-09 -0.048 0.191 
A 8.0389E-03 -7.8379E-09 8.0496E-03 -8.8894E-09 -0.027 (H)54 
51 1.7347E-03 - 1,6500E-09 1.7463E-03 -1.3754E-09 -0.021 0 .171 
S2 1.6224E-03 -1.1579E-09 1.6353E-03 -S.5641E-1O -0.023 0.188 
RM 3.1732E-03 1.0253E-09 3.1600E-03 -1.2994E-09 0.032 0.128 
DEGOFFIT=2 ACCURACY::o 15 INT-DEG -OF-FIT'= 2 
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INTERAcnON COEffICIENTS 
COEFFICIENT POSfTIVE ~1f~Vt' VALUE 
NI/N2 -2.67 E- 2 2.8717E-02 
NIJA -5. 2 E-03 -2.2093E-03 
NIISl 7.6122E-03 6.9447E-
Nl/S o. E+ E+ 0 
I/RM - .4174E-03 E+ 
N2/NI -4.3853 E-0 -4.7 1 E- 2 
N2/A 6.2273E-03 -2.0761 E-03 
N2IS1 4.4 S E-03 3.4771E-
N21 -4.8747E-0 3.H036E-03 
N2/RM - .15 9E-O 4.4405E-
I O. E+ -5.9247£-03 
A/N2 -9. 497E-O 1.4 44E-
AlSI O. E+OO l.09ISE-02 
NS2 O.OOOOE+OO O.\J{)OOE+ 
A M -2.10 4E- 2 l.9642E-02 
SI/NI -1.0939£-02 -1.3097E-02 
SI/N2 1.5093E-03 .1238E-03 
Sl/A - U751E- 2 -3.376IE-03 
Sl/S2 -5.5009E-02 -5.5867E-02 
SI!RM 9.0376E- 3 4.\J654E-UJ 
1 5.5317E- S.180SE-03 
S2/N2 -2.7958E-04 O.OOOOE+OO 
S2JA 8.46U2E-O 1.4573E-03 
S2JSl - _7SS0E-02 -7. E-
S IRM 6.4729E-03 2.7618E-03 
RM/Nl . "69E- 5.1750E~ 
RMJN2 OE+OO 4.5870E-03 
RMJA -8.4466E-03 -1.1740E-02 
RM/SI .OOOOE-t{)O O.OOOOE+OO 




,w ~ -'" ~ 
Rl 
~ E~OS ~ 
RWS: 
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APPENDIX B: STING BALANCE PROGRAM 
The sting balance program is fairly straightforward considering that older 
software was used in its development. However, one portion of the original 
program (STlNG.BAS) had been modified and resulted in unnecessary delay in 
this research. The modification was to the form of the interaction equations in 
which terms with an interaction coefficient equal to zero were left out. This has 
been corrected in the latest revision of the sting balance program, STING2.BAS. 
For clarity purposes and for those who may use this program in the future, the 
general form for the interaction equations is provided. 
GENERAl FORM 
(For positive load case) 
OUTPUT; = KPOS(I) * (N COUNTS;) + KPOS(2) ,.. (N COUNTSi)2 
- L (effects of other outputs) 
N t = KPOS(I)" (f'l COUNTS) + KPOS(2) >I< (Nl COUNTS)2 
- [(f\1/N2+)(N2 COUNTS) + (Nl/N2*N2+)(N2 COUNTS)2J 
- [(NI/A+)(A COUI\'TS) + (NI/A>I<A+XA COUNTS)21 
- [(Nl/Sl+XSI COUNTS) + (Nl/Sl>l<Sl+XSI COUNTS)2] 
- [(NI/S2+XS2 COUNTS) + (Nl/S2*S2+XS2COUNTS)2J 
- [(NI/RM+XRM COUNTS) + (Nl/RM>I<RM+XRM COUNTSFJ 
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(For negative load case) 
OUlPUTi= KNEG(J)" (N COUNTSi) + K.."ffiG(2) '" (N COUNTSi? 
- I. (effects of other outputs) 
Nt = KNEG(1) '" (Nl COUNTS) + Kl\'EG(2)" (Nl COUNTS)2 
- [(Nl/N2-)(N2 COUNTS) + (Nl/N2'N2-XN2 COUNTS)'] 
- [(Nl/A-XA COUNTS) + (NI/A'A-XA COUNTS),] 
- [(N I/Sl -)(SI COUNTS) +(NI/Sl'S I-XSl COUNTS)'] 
- [(Nl/S2-)(S2 COUNTS) + (Nl/S2'S2-XS2 COUNTS),] 
- [(NI/RM-XRM COUNTS) + (Nl/RM'RM-XRM COUNTS)'] 
The interaction coefficients are found in the balance calibration data that 
sh ould accompany the balance . The agency that supplies the balance is 
responsible for furnishing this data, not the manufacturer. Without it, the sting 
balance program can not be used. 
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TEST BIJN NO J: 
TUNNEl PARAMETERS 
Llp = 1.0 em H20 
p.tm = 29.96" Hg 








-0 .140270 -0.039813 
-0.141030 -0.038324 






q = 2.2 Ibrlft2 
'1' = 66 of 





























AOA NORMAL SIDE AXIAL PITCH YAW ROLL 
(deg) FORCE FORCE FORCE MOMENT MOMENT MOMENT 
(Ib ) (Ibr) (Ibr) (ft-Ibrl (ft-Ibr) (ft-lbr) 
-35 3.385462 -0.176019 0.084352 1.635331 -0.089036 -0.000 299 
-30 3.280505 -0.173473 0.089787 1.770336 -0.096215 -0.000510 
-25 2.880565 -0.150879 0.068103 1.529559 -0.083638 0.000094 
-20 2.258149 -0 .113292 0.030133 1.127334 -0.061325 -0.000393 
-15 1.662863 -0.078 199 0.007595 0.765349 -0.041936 -0.000247 
-10 1.032742 -0.043213 -0.016122 0.382363 -0.021103 -0.000299 
-5 0.469330 -0.011587 -0.041131 0.040172 -0.002509 -0.000098 
0 0.001905 0.002986 -0.046773 -0.184262 0.010260 -0.000092 
5 -0.446260 0.031184 -0.060631 -0.484405 0.026208 0.000095 
10 -0.950642 0.058604 -0.071808 -0.807292 0.042854 0.000665 
15 -1.668563 0.103752 -0.092928 -1.216389 0.065952 0.000437 
20 -2.372487 0.147076 -0.105260 -1.563 131 0.083872 0.000769 
25 -2.951803 0.182332 -0.123705 -1.771233 0.095353 0.000876 
30 -3.334401 0.201041 -0. 140844 -1.660784 0.089582 0.000745 
35 -2 .330075 0.139778 -0.193295 -1.019755 0.054376 0.000260 
40 -2.386738 0.141903 -0.198663 -1.005620 0.053815 0.000259 
45 -2.432179 0.145419 -0.202103 -0.980901 0.051965 0.000316 
50 -2.566683 0.153423 -0.210361 -0.976956 0.052415 0.000363 
55 -2.773259 0.164569 -0.216448 -0.976901 0.052501 0.000429 
60 -2.853662 0.170418 -0.209420 -0.935949 0.050563 0.000260 
65 -2.947243 0.175608 -0.206796 -0.894427 0.047873 0.000201 
80 
AOA NORMAL SIDE AXIAL PITCH YAW ROLL 
(deg) FORCE FORCE FORCE MOMENT MOMENT MO.\1ENT 
(lbf) (lb,) (Ib,) (ft-lbr) (ft-Ibr) (ft-Ib,) 
70 -2.953475 0.172695 -0.198439 -0.838333 0.045078 0.000317 
75 -2 .963538 0.176130 -0.186526 -0.768620 0.041085 0.000248 
80 -3.017948 0.175705 -0.184566 -0.707902 0.038381 0.000188 
85 -3.044470 0.179348 -0.169753 -0.637985 0.034399 0.000264 














TEST HI IN NQ 2: 
TlJNNEI PARAMETERS 
6.p = 5.50 em H20 
p.tm = 29.96" Hg 














q = 12.11br/ft2 
T=62"P 
































5 -5.16722 1 
10 - 14.033003 
TEST RIJN NO 3: 
TI TN"']:I PARAMEIERS 
t..P"" 11.0 cmH20 
palm = 29.96" Hg 











q = 24.2 Ibdft2 
T=64°F 




































TEST RI JN NO 4: 
TUNNEl PARAMETERS 
.1p = 15 em H20 
p atm = 29.96" Hg 



















q : 33.0 lbrlft2 











-0.482178 0 .022362 
-1.314605 0.069946 
-1.943245 0.102373 
-2.824130 0 .150962 
-3.3 19471 0.179412 
-4.398113 0.236826 
-5.210701 0.281178 


















AO A NORMAL SIDE AXIAL PIT(]-I YAW ROLL 
(de g) FORCE FORCE FORCE MOMENT MOMENT MOMENT 
(lb,) lbr) (lbr) (ft-Ib,) (ft-1br) (ft-lbd 
-5.527463 0.381127 -0.886284 -6.978434 0.374560 0.004783 






-8 15. 143783 
-7 13 .676547 
-6 11.375094 
-5 9.08263 \ 
-4 7.2109 12 
-3 6.073926 
-2 4.1 29416 
- \ 2.610396 
0 1.025430 
\ - 1.687861 
2 -3.719047 
3 -6.368588 
TEST RUN NQ 5: 
TI1Nl'{EI PARAMEIERS 
6.p <=0 20cm H20 
pl1m = 29.96" Hg 




-0.9897 14 -0. 197018 









0. 154828 -0.985630 
0.288 188 - 1.03426 1 
0.54 1822 - 1.100129 
86 
q = 44.0 Ibdft2 
T =73 °F 










- 1.735582 0.093566 
-2 .845804 0.159644 
-3.66 \ 553 0.202587 
-4 .591944 0.252972 
-6. \ 23004 0.335735 
-7.305532 0.396553 































TEST RI JN NO 6: 
TIJNNE1. PARAMETERS 
.1p = 25 em H20 
prun ::: 29.96" Hg 














0.312818 -1 .23346 1 
87 
q = 55.0 1bdft2 
T=80°F 









































TFST RIJN NO 7: 
Tl JN~I PARAMETERS 
ll.p = 27 .25 em H20 
p alm = 29.96" Hg 







-0.695095 -0. 715756 
-0.538695 -0.751954 
-0.407894 -0.841513 
-0.250781 -1 .12341 3 
-0.066522 -1.209587 
0.117272 - 1.322625 
88 







































-45 0 .080446 
-40 0.066954 
TEST RJ IN 'SO 8: 
Jl FNNEI PARAMETERS 
~p = 1.0cmH20 
paun = 29.96" Hg 














-0.08907 4 -0 .075568 
89 
q = 2.2 Ibtlft2 
T = 70 OF 







-0.007817 -0.11 7048 
-0.006995 -0.106445 




















B NORMAL SIDE AXIAL PITCH YAW ROLL 
(deg) rORCE FORCE FORCE MOMENT MOMENT MOMENT 
(lb,) (Ib,) (1M (ft-I"') ([t-Ib,) ([t-Ib,) 
-35 0.058844 -0.040555 -0.073867 -0.015322 -0.161166 0.003251 
-30 0.052954 -0.014082 -0.076130 -0.016548 -0.184044 0.002803 
-25 0.043377 0.022071 -0.067640 -0.014965 -0 .166611 0.001825 
-20 0.039044 0.066420 -0.066550 ·0.013370 -0.174477 0.001894 
-1 5 0.029732 0.075338 -0.060771 -O.Q11052 -0. [76539 0.001595 
-10 0.016046 0.038658 -0.065081 -0.011906 -0.177743 0.000217 
-5 0.006864 0.044752 -0.061208 -0,00889 1 -0.158171 0.000212 
0 0.003722 0.034376 -0.049902 -0.010799 -0.189100 -0.000058 
5 -0.004627 0.078962 -0.047298 -0.00765 1 -0.158512 0.000193 
10 -0.013821 0.085763 -0.044917 -0.006695 -0.154072 -0.000044 
15 -0.022366 0,116049 -0.040452 -0.005596 -0. 155861 -0.001345 
20 -0.03 1364 0.126944 -0.040472 -0.004155 -0.149932 -0.002186 
25 -0.042060 0.090274 -0.038584 -0.002043 -0. 146528 -0.002514 
30 -0.058492 0.055833 -0.041007 -0.0020 19 -0.134969 -0.003105 
35 -0.068553 0.009919 -0.033750 -0.001336 -0.143816 -0.003774 
40 -0.08244 1 -0.018104 -0.034117 0.000057 -0.134541 -0.004974 
45 -0.091246 -0.105670 -0.032946 0.001840 -0.143871 -0 .004795 
50 -0.099663 -0.132244 -0.034705 0.001618 -0.118952 -0.005417 
55 -0.110068 -0.187447 -0.033095 0.001838 -0.110214 -0.006590 
60 -0.116482 -0 .234253 -0.029010 0.000485 -0.105587 -0.006909 
65 -0.115914 -0.296263 -0.030477 -0.000847 -0.117190 -0.006RIR 
90 
fi NORMAL SIDE AXIAL PITCH YAW ROLL 
(d'g) FORCE FORCE FORCE MOMEKT MOMENT MOMENT 
(lbe) (lbr) (lbe) (f,-lb,) ([(-lb,) ([(-lb,) 
70 -0.114263 -0.248184 -0.018894 -0.002485 -0.073654 -0.101551 
75 -0.126421 -0.361300 -0.026158 -0.002884 -0.lDI551 -0.006366 
80 -0.120622 -0.367895 -0.019435 -0.003841 -0.072842 -0.006980 
85 -0.127201 -0.389309 ~O.O23854 -0.003967 -0.054754 -0.007598 















TEST HI rN NQ 9: 
TtJNNE! PARAMETERS 
l<.r = 5.50 em I-hO 
POlm:= 29.96" Hg 
lAS = 72 mph 
q = 12.11br/ft2 
T=71°F 
Re = 8.073E+05 
NORMAL SIDE AXIAL PITCH YAW 
FORCE FORCE FORCE MO~T MOMENT 
(lb,) (lb,) (lb,) (ft-Ibr) (ft -ll)r) 
0.096446 -0.973464 -0.337716 -0.014572 0.099319 
0.082095 -0.910505 -0.316236 0.010634 0.142278 
0.086361 -0.672351 -0.310902 0.027373 0.080514 
0.446138 -1.772548 -0.272584 -0.042895 -0.547119 
0.554259 -1.963856 -0.283422 -0.066946 -0.734837 
0.564567 -2.096995 -0.309698 -0.088968 -0.842356 
0.599729 -1.764341 -0.321248 -0.094583 -0.834599 
0.606844 -1.551831 -0.316057 -0.109633 -0.910870 
0.605502 -1.l95972 -0.313103 -0.109694 -0.931043 
0.603226 -0.855521 -0.300726 -0.111680 -0.992600 
















6 NORMAL SIDE AXIAL PITCH YAW ROLL 
(dcg) FORCE FORCE FORCE MOMENT MOMENT MOMENT 
(II>,) (lb,) (II>,) (ft-Ib,) (f,-Ib,) (ft-Ibd 
-35 0.540845 -0.333940 -0.269088 -0.099109 -0.972714 0.0 14358 
-30 0.512583 -0.093357 -0.273553 -0.103780 -1.055402 0.012676 
-25 0.461209 0.105194 -0.260533 -0.099630 -1.021167 0.008618 
-20 0.422428 0.428985 -0.258883 -0.082115 -0.946446 0.008326 
-15 0.366030 0.391366 -0.265997 -0.07823 1 -1.044809 0.005847 
-10 0.312613 0.437494 -0.259388 -0.073977 -1.058561 0.004109 
-5 0.264176 0.635111 -0.246107 -0.061537 -0.950540 0.002113 
0 0.066059 0.688614 -0.244624 -0.053713 -0 .926005 0.000845 
5 0.007718 0.615888 -0.246766 -0.053270 -0.963907 -0.003256 
10 -0.033725 0.673361 -0.241706 -0.040759 -0.919327 -0 .003287 
15 -0.104[74 0.676484 -0.224077 -0.032397 -0.868077 -0.007523 
20 -0 .171580 0.505175 -0.217333 -0.021765 -0.895280 -0.009158 
25 -0.239705 0.443514 -0.202811 -0.015341 -0.874596 -0.013213 
30 -0.321472 0.314855 -0.179806 -OJ)()6100 -0.803703 -0.018525 
35 -0.377 198 0.148023 -0.173628 0.003521 -0 .705389 -0.021321 
40 -0.451700 -0.103796 -0.164291 0.003579 -0.710745 -0 .025975 
45 -0.508674 ·0.460394 -0.163607 0.01 1892 -0.666843 -0.028217 
50 -0.550722 ·0.740502 ·0 .149956 0.013760 -0.674484 -0.031322 
55 -0.598715 -1.150413 ·0.149399 0.Dl1416 -0.680125 -0.033137 
60 -0.616630 -1.298535 -0. 1 262X2 0.004263 -0.575790 -0 .035391 
65 -0.601844 -1 .255749 -0.090237 -0.008233 ·0.440164 -0.040731 
93 
B NORMAL SLOE AXIAL PITCH YAW ROLL 
(deg) FORCE FORCE FORCE MOMENT MOMENT MOMEI'.TT 
(fbr) (lbr) (lbr) (ft-fbr) (ft-Ibr) (fr-1br) 
70 -0.492009 -1.068258 -0.037916 -0.01557 1 -0.334120 -0.046775 
75 -0.496256 -1.113641 -0.019968 -0.019002 -0.261485 -0.051747 
80 -0.514730 -1.491324 -0.008840 -0.015155 -0.220820 -0.050112 
85 -0.515673 -1.692070 0.000073 -0.009941 -0.159217 -0.051950 
90 -0.533208 -1.887019 -0.007529 0.011427 -0.144184 -0.054497 
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